Magnetic reconnection [1] is a ubiquitous phenomenon in space [2, 3] and laboratory [4] plasmas, where oppositely-directed magnetic fields undergo a modification of field-line topology and release magnetic energy.
While reconnection has typically been studied experimentally in tenuous, quasi-steady-state plasmas, reconnection of magnetic fields in strongly-driven (ram pressure>magnetic pressure), β>1 (total thermal pressure>magnetic pressure) plasmas occurs frequently in astrophysics, impacting dynamics of plasmas in the solar photosphere [5] and at the heliopause [6] . In these strongly-driven environments, the rate of reconnection is dictated largely by hydrodynamics and the plasma flows that advect the magnetic fields.
In addition, when the scale width of the reconnection region is smaller than the ion inertial length (d i ≡ c/ω pi ), electrons and ions decouple, and the reconnection process is governed by electron flows, rather than by the entire plasma fluid. This two-fluid reconnection (otherwise known as Hall reconnection or collisionless reconnection) is faster than classical Sweet-Parker [7, 8] reconnection in the collisional, single-fluid regime. Two-fluid reconnection is a common occurrence in astrophysics [9] and it has been studied in tenuous, quasi-steady plasma experiments [10, 11] . Two-fluid reconnection in the high β or strongly-driven regimes is especially pertinent at the dayside magnetopause of the Earth and other planets [12, 13] , though to date, there has been little laboratory investigation of the physics of two-fluid reconnection in such plasmas.
This Letter presents the direct observation of two-fluid reconnection features -fast electron jets -preceding the stagnation of magnetic fields and the establishment of a stable current sheet in a strongly-driven, β∼20 plasma experiment. These experiments were conducted using laser-produced plasmas, a well-established platform for studies of high-β magnetic reconnection. Prior experiments have examined the annihilation of magnetic fields [14] [15] [16] [17] , thermal properties of the plasma [18, 19] , plasma jets [18, [20] [21] [22] , and energetic electrons produced during reconnection [23] . Particle-in-cell simulations have predicted that, in addition to flux pileup, two-fluid physics plays a significant role in these strongly-driven, quasicollisionless reconnection configurations [24] . In the present experiments, high-resolution proton radiography has produced images of unprecedented detail and clarity of colliding laser-produced plasmas where the reconnection of magnetic fields is occurring, revealing a striking evolution of reconnection behavior. The electron jets, a signature of two-fluid reconnection, emerge early in time when the plasma is forcefully driven and in a collisionless regime. Later in the collision process, the jet structures disappear and strong magnetic fields persist around the reconnection region, indicating a stalled reconnection. Hydrodynamic simulations show that during this time, the strong inflows weaken and the plasma also becomes more collisional. These results demonstrate that the magnetic fields may be stabilized by the slowing of the flows that strongly drive reconnection and also by the evolution of plasma conditions from collisionless to collisional.
Reconnection experiments using laser-produced plasmas were conducted at the OMEGA-EP laser facility [25] . In each experiment, depicted in Figure 1 , a 12-µm-thick CH foil was irradiated by two 930-J, 1-ns laser pulses at a wavelength of 351 nm and with an 800-µm spot size. The laser spots were separated on the foil by 1.4 mm, each producing an expanding, hemispherical plasma bubble with an azimuthal magnetic field concentrated at its perimeter [26] . These plasmas expanded into each other, forcing their oppositely-directed magnetic fields to interact and reconnect.
The reconnecting plasma bubbles were imaged using proton radiography. The deflection of protons was used to infer local magnetic field structures and the spatial scale of field-carrying features in the plasma [27, 28] . Protons at energies up to ∼60 MeV in an exponentially decaying spectrum were generated by a high-intensity (190-J, 1-ps duration, 10-20 µm spot size, ∼10
19 W/cm 2 ) laser incident on a 10-µm-thick Au foil, via the target normal sheath acceleration mechanism [29] [30] [31] . This backlighter foil was positioned 8 mm from the CH target foil and parallel to it. Backlighter protons were detected by a stack of radiochromic film (RCF) [32] , with the pieces of film sensitive to protons at a variety of incident energies.
Proton radiographs obtained with ∼18-MeV and ∼24-MeV protons are shown in Figure 2 . The times indicated are between the onset of the interaction beams and the arrival of backlighter protons, which was varied in different experiments. The fluence modulations across the images are largely due to the deflection of backlighter protons by magnetic fields around the laser-produced plasma bubbles and in their interaction.
The images reveal several signatures of magnetic fields and the dynamics of reconnection. The most readily apparent feature is the concentration of protons in a circular pattern around each bubble due to their inward deflection by ∼MG azimuthal magnetic fields at the bubble perimeters. For laser and backlighter proton propagation into the page, these magnetic fields are oriented clockwise. These fields are generated by the Biermann battery mechanism [33] , arising due to non-parallel gradients in electron density (into the page) and electron temperature (radially inward toward the center of each plasma bubble), with ∂B/∂t ∝ ∇T e × ∇n e .
A prevalent signature of fast, two-fluid reconnection, electron jets are ejected out of the reconnection region along the current sheet early in time (Figure 2b ). Based on their appearance at t=0.9 ns, extending out of the field of view, the jets have propagated continuously at least 800 µm over a period of ∼600 ps, at an in-plane velocity of V jet >1300 µm/ns. This jet velocity is considerably faster than the nominal ion Alfvén speed (V jet ∼20V A0 ), of the order of the electron Alfvén speed (V jet ∼0.3V Ae0 ), and several times the sound speed (V jet ∼5C s ). The jets are well-collimated, with a total apparent width of 150 µm ∼5d i , of order the expected width of the current sheet. They appear to consist of multiple near-parallel strands, each of which is of order ∼d i in width. The electron jets extend at least 25d i from the end of the collision region, similar to what has been observed in spacecraft observations of the Earth's magnetosheath [34] , though the protrusion of the jets far beyond the current sheet is qualitatively different than what has been observed in similar experiments [22] or simulations [35] . Generally, electron-Alfvénic jets of width ∼d i piercing the broader outflow region have been predicted in simulations of twofluid reconnection [36] and arises self-consistently with in-plane currents typically ascribed to Hall reconnection physics. Notably, jets are not visible at later times, suggesting a stalled reconnection.
The deficit of protons in the collision region provides information about the large-scale magnetic fields in the reconnection region and further evidence of a slowing of the reconnection process at late times. These fields deflect protons out of the current sheet towards the center of each individual bubble. A lower bound on the magnetic field strength around the reconnection layer is inferred from width of the proton fluence deficit ∆z in the interaction region (as shown in Figure 2b ). At t=0.9 ns, ∆z is ∼280 µm at the foil in the 24-MeV-proton image, and is found to be ∼280 µm as well in the image produced by 36-MeV protons, the highest energy for which a usable image was obtained. The highest proton energy is used to establish the largest possible lower bound on the path-integrated magnetic field magnitude. The proton-path-integrated field strength at the center of the proton deficit region is inferred on the basis that protons directed through the center of the current sheet were deflected at least a distance ∆z/2 to the boundary of the proton deficit region. Quantitatively, this lower limit is inferred as
where v p is the velocity of protons at 36 MeV, the most likely proton energy on that film, L (a) is the backlighterfilm (backlighter-foil) distance, and ξ=∆z/2 is the apparent proton deflection at the foil, the 140 µm half-width of the proton deficit region. For these conditions at t = 0.9 ns, |∫ B×dl| >160 MG µm on either side of the current sheet. For a characteristic out-of-plane height for the magnetic field structure of dl ∼300 µm, a reasonable assumption for early times in this class of experiment [33] and consistent with the plasma scale height in 2D draco [37] radiation-hydrodynamics simulations of the experiment (discussed in more detail below), a magnetic field strength of B>0.55 MG is inferred. The length and width of this proton fluence feature and resulting estimates of magnetic-field quantities in the reconnection region at different times are summarized in Table I . The images in Figure 2 show that the overall smoothness and width of the proton deflection pattern around the reconnection region does not significantly change between 0.9 ns and 1.8 ns, illustrating a lack of magnetic flux annihilation and persistence of a long-lived and stable current sheet. During this late-time period, the magnetic fields are simply squeezed into the elongating collision midplane.
TABLE I. Estimates of magnetic-field quantities around the reconnection region at different times based on 36-MeVproton images, including the full width of the proton fluence deficit region ∆z, a lower bound on the inferred pathintegrated field strength |∫ B×dl|, the approximate characteristic out-of-plane height of the magnetic field structure dl, a lower bound on the approximate magnetic field strength B, and the length of the reconnection region ∆x.
Time ∆z
The appearance of a stable, stationary current sheet, bearing qualitative resemblence to a Sweet-Parker current sheet in the collisional reconnection picture, is remarkably different than has been observed in similar experiments where the magnetic field structure has rapidly disrupted [17] . In the present experiments, the current sheet persists much longer than would be expected based on an annihilation of magnetic fields at the initial plasma flow velocity, which has been observed in previous experiments [16] -for a proton deficit region width of ∆z∼280 µm and an initial plasma flow velocity of V ∼700 µm/ns, the time for the plasma to cross the reconnection region unimpeded is only ∼0.4 ns; however, the current sheet persists nearly unchanged for at least 0.9 ns. The persistence of the current sheet in the present experiments also necessarily implies that the current sheet is sufficiently thick so as to be stable to the tearing or plasmoid instability [38] over the duration of the experiments. Notably, the formation of plasmoids was observed in simulations of similar experiments [35] , but not in these experiments.
The evolution of these features, (1) the reconnectioninduced electron jets and (2) the bulk magnetic fields in the interaction region, suggests that while fast reconnection occurs at early times, the mechanisms that enable this process shut off at late times. In this regime of reconnection, both strong plasma flows that force flux pileup and plasma conditions favorable to two-fluid reconnection are likely needed to produce a very fast reconnection [24] , at rates above those expected based on the initial magnetic field strength and Alfvén speed, as has been observed in previous experiments [16] . In these experiments, these criteria are achieved during the initial collision of the plasmas, but are not achieved later, coinciding with observations that are consistent with a rapid reconnection early, but minimal reconnection late.
The importance of strong plasma flows and flux pileup at early times (0.6-0.9 ns) is apparent from a comparison of relevant pressure sources, as inferred from simulated and measured quantities. 2D draco radiationhydrodynamics simulations [37] were performed of colliding plasmas with an identical laser drive to that used in the experiments (albeit restricted to 2D azimuthal symmetry -with a hemispherical plasma bubble effectively interacting with a surrounding plasma torus). These simulations show at early times an electron density of n e ∼10 20 cm −3 (ion density n i = n e /Z, for fully ionized CH with average Z = 3.5), electron temperature of T e ∼1.3 keV, ion temperature of T i ∼0.8 keV, and flow velocity of V ∼700 µm/ns at the perimeter of the expanding plasmas just prior to their collision, while the proton radiography data show a lower-bound magnetic field strength of B ∼0.55 MG. Based on these quantities, the ratio β of thermal pressure (n e kT e + n i kT i ) to magnetic pressure (B 2 /2µ 0 ) was ∼20 and the ratio β ram of ram pressure ( 1 2 n i Am p V 2 ) to magnetic pressure was ∼60, indicating that plasma flows dictate the stronglydriven magnetic advection and reconnection process [16] and that magnetic flux pileup is expected to be important [24] .
At later times, the inflows weaken due to the plasma collision and the ram pressure likely becomes insufficient to sustain the flux compression that occurs when β ram 1 and β ram >β. While at early times β ram /β∼3, by 1.3 ns, the draco-predicted reduction in flow velocity to ∼350 µm/ns causes that ratio to drop to β ram β∼0.9, and a further reduction in flow velocity to ∼200 µm/ns by 1.8 ns produces a ratio of β ram /β∼0.4. Continued flux compression is neccessary to maintain a very fast reconnection at rates greater than expected based on the uncompressed magnetic field strength. As a consequence of the slowing of the plasma flows that initially drove reconnection, the magnetic field strength and Alfvén speed are not strong enough at late times to reconnect the majority of the magnetic flux. This effect, as well as a slowing of the dissipation mechanism, plausibly contributes to the apparent inhibition of reconnection.
The persistence of strong magnetic fields at late times and the inferred weakening of the reconnection process may also be attributed to an evolution of plasma conditions from collisionless to collisional (i.e. from a fast, two-fluid regime to a slow, single-fluid regime of reconnection).
Two-fluid reconnection effects were likely significant early in the reconnection process, around 0.6-0.9 ns, but weaker at later times. Based on the plasma conditions stated above at 0.6-0.9 ns, the ion inertial length, a scale length for the decoupling of ions and electrons, was d i = c/ω pi ∼30 µm, and similarly, the ion gyroradius, the length over which ions are tied to magnetic field lines, was ρ i ∼40 µm. On scales shorter than d i or ρ i , the ions are unmagnetized and the magnetic field is frozen in to the electron fluid. The width of the reconnection region based on Sweet-Parker (single-fluid) reconnection theory [7, 8] was approximately δ SP = L/ √ S ∼25 µm, based on a current sheet length L∼1 mm and a Lundquist number, the ratio of diffusive to Alfvén timescales, of S > ∼ 1800. Consequently, as the ratios δ SP /d i < ∼ 0.8 and δ SP /ρ i > ∼ 0.6 were less than unity, the ions were decoupled from the electrons over the reconnection region and two-fluid effects were likely important during the initial collision of the plasmas. By 1.3 ns, the plasma conditions became significantly more collisional (T e ∼1.1 keV, n e ∼4×10 20 cm −3 , B > ∼ 0.3 MG, L∼2.3 mm, S > ∼ 900, ρ i < ∼ 70 µm, d i ∼16 µm) and by 1.8 ns the plasma was well into the single-fluid regime (T e ∼0.7 keV, n e ∼6×10 20 cm
∼ 0.8 at 0.9 ns to < ∼ 5.0 at 1.3 ns to < ∼ 12 at 1.8 ns; δ SP /ρ i increased from > ∼ 0.6 at 0.9 ns to > ∼ 1.1 at 1.3 ns to > ∼ 2.3 at 1.8 ns. The evolution of the draco-simulated electron density and electron temperature, and approximate bounds on the Lundquist number (lower bound) and the ratio δ SP /d i (upper bound) based on those parameters and the proton-radiography-estimated lower-bound magnetic field strength is depicted in Figure 3 . Though these quantities should be taken as an approximate description of the plasma conditions, based on bounds and ignoring potential flux pileup effects, the trends illustrate a clear increase in collisionality. As the plasma becomes collisional, around δ SP /d i >1, two-fluid mechanisms that enable a fast reconnection diminish. It has been observed previously in tenuous plasma experiments that the reconnection rate slows significantly as the reconnection current sheet transitions from collisionless to collisional regimes [10] ; the present data provide the first possible evidence of this process in a high-β, strongly-driven plasma. In summary, data showing the evolution of magnetic reconnection behavior from fast jets to the establishment of a stable current sheet, in concert with simulated results, demonstrate that both the strength of plasma fluid flows and collisionality can potentially be important physical properties dictating reconnection dynamics even in plasmas where reconnection is strongly externally driven, and that a powerful initial drive is not sufficient to achieve a complete reconnection of magnetic fields. draco simulations show that a transition between collisionless and collisional plasma conditions occurs alongside a weakening of the strong inflows that force reconnection, with both factors plausibly contributing to the observed slowing of the reconnection process. These findings are relevant to strongly-driven, high-β, two-fluid reconnection in astrophysical environments such as the magnetopause, as well as to reconnection more generally across a range of collisionality regimes. Furthermore, they motivate future experiments to resolve definitively the cause of this slowing and to address the critical question of how collisionality impacts the reconnection rate in a strongly-driven system.
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